Abstract: Marine n-3 polyunsaturated fatty acids (PUFA) may improve autonomic dysfunction, as indicated by an increase in heart rate variability (HRV) and reduce the risk of sudden cardiac death. Hence, the aim of this study was to investigate the effects of marine n-3 PUFA on 24-h HRV in patients on chronic dialysis, who have a high risk of sudden cardiac death. Between June 2014 and March 2016, 112 patients on chronic dialysis from Denmark were allocated to a daily supplement of 2 g marine n-3 PUFA or control for three months in a randomized, double-blinded, controlled trial. A 48-h Holter monitoring was performed and mean 24-h HRV indices for the two days were available in 85 patients. The mean age was 62.3 years (SD: 14.3) and median dialysis vintage was 1.7 years (IQR: 0.5, 6.4). Within-group and between-group changes in outcome were evaluated by a paired and two sample t-test, respectively. Marine n-3 PUFA did not change the primary endpoint SDNN (SD of all RR-intervals) reflecting overall HRV, but other HRV indices increased and the mean RR-interval increased significantly, corresponding to a decrease in heart rate by 2.5 beats per minute (p = 0.04). In conclusion, marine n-3 PUFA did not change SDNN, but the mean heart rate was significantly reduced and changes in other HRV-indices were also observed, indicating an increase in vagal modulation that might be protective against malignant ventricular arrhythmias.
Introduction
Cardiovascular disease (CVD) is the leading cause of death and sudden cardiac death (SCD) accounts for approximately 30% of total deaths in patients with end-stage renal disease (ESRD) in the Western world [1, 2] . SCD is frequently caused by malignant ventricular arrhythmias [3] , but the reasons for the substantial increased risk of SCD in patients with ESRD are not fully understood. A combination of risk factors that are associated with ESRD and dialysis treatment may be part of the explanation. These include left ventricular hypertrophy, myocardial fibrosis, heart failure, volume overload, electrolyte abnormalities, changes in QT-dispersion, QT-prolonging medication, volume and electrolyte shifts during dialysis, and autonomic dysfunction [4] . Cardiac autonomic dysfunction, as characterised by excessive sympathetic activity and/or inadequate parasympathetic tone, is often seen in patients on chronic dialysis [5] , which increases the risk of intradialytic hypotension [6] and
Materials and Methods

Study Participants
The study was conducted between June 2014 and March 2016 at three hospital based dialysis units that were managed by Aalborg University Hospital treating all patients in the northern part of Denmark. Inclusion criteria were dialysis treatment for >3 months and age > 18 years. Exclusion criteria were pregnancy, expected life expectancy < 3 months, inability to give informed consent, known allergy to contents of the supplemental capsules, and expected inability to comply with the study protocol. All of the participants provided written informed consent and the protocol was approved by the regional committee on health research ethics and was in accordance with the Declaration of Helsinki. The trial was monitored by an external monitor to ensure compliance to the principles that were set forth in the guidelines for good clinical practice.
Study Design
This study was an investigator initiated randomized, double-blinded, placebo-controlled trial (ClinicalTrials.gov, unique identifier NCT02147977). Patients were randomized in a 1:1 ratio to receive 3 months daily supplement with 2 g n-3 PUFA (four capsules) containing a total of 1 g EPA + 1 g DHA or control capsules of identical appearance containing olive oil. A computer-generated permuted block randomization determined the allocation sequence. Patients, investigators and study personal were blinded to the allocation until the trial and all the analyses were completed. The patients were encouraged to maintain their usual fish intake during the study. Patients already taking n-3 PUFA supplements (n = 7) had at least eight weeks of washout prior to randomization. Compliance was assessed by counting remaining capsules that was returned at the end of the study. Patients were considered non-compliant if missing >15% of the prescribed capsules. Analysis of the content of n-3 PUFA in plasma phospholipids was done before and after supplementation as another indicator of adherence in the n-3 PUFA group. Adverse events were registered continuously and until two months after the last intake of the supplement. The following data were obtained at baseline and after three months supplementation: clinical assessment, detailed medical history, anthropometric data, blood pressure measurements (the mean of the last two of three readings after at least 5 min rest), venous blood samples, and a 48-h Holter monitoring. 
Blood Samples
Non-fasting blood samples were drawn immediately before a dialysis session from the haemodialysis (HD) access in patients examined in the dialysis unit, and from venipuncture at a random time in home HD and peritoneal dialysis (PD) patients that were examined in the outpatient clinic. Routine haematological and biochemical analyses were done by standard methods at the central laboratory of the hospital. The fatty acid composition in plasma phospholipids were measured by gas chromatography (Varian 3900, Varian, Middleburg, The Netherlands), as previously described in detail [22] . Analyses of plasma phospholipid content of n-3 PUFA were done after the last patient finished the study and samples from each patient were done in the same run to avoid interassay variability.
Holter Monitoring and HRV Analysis
A 48-h Holter recording was obtained from each patient at baseline and after three months supplementation while using a two-channel digital recorder (Lifecard CF, Del Mar Reynolds Medical Limited, Hertford, UK) and analysed on each day separately with the results given as the mean value of the two days. In patients that were examined in the dialysis unit, the recording was initiated just before a dialysis session. Arrhythmia and time-domain HRV analyses were done using Pathfinder Digital 700 (Reynolds Medical Limited, Hertford, UK) by a semi-automated method with visual confirmation of all arrhythmias and exclusion of all non-sinus beats and artefacts from the HRV analysis. HRV analyses were only considered valid and used in the final analysis if at least 1152 min (80% of 24 h) of the recording were analysable with sinus rhythm. The following standard 24-h time-domain HRV indices were obtained: Mean RR-interval, the mean of all normal RR-intervals; SDNN, the standard deviation (SD) of all normal RR-intervals; SDNNi, the mean of the SD of all normal RR-intervals for all 5-min segments; SDANN, the SD of the mean of RR-intervals in successive 5-min segments; rMSSD, the square root of the mean of the sum of the squares of differences between adjacent RR-intervals; and, triangular index, total number of all RR-intervals divided by the height of the histogram of all RR-intervals measured in a discrete scale with bins of 7.8125 ms. Furthermore, using HRV tools (Reynolds Medical Limited, Hertford, UK), frequency-domain analysis was performed in 5-min segments averaged for each 24 h, obtaining the following indices: low frequency (LF, 0.04-0.15 Hz), high frequency (HF, 0.15-0.4 Hz), and LF/HF ratio.
Statistical Analyses
Categorical variables were presented as numbers and percentages. Continuous variables were expressed as means ± SD or medians with interquartile ranges (IQR) depending on the distribution of the data. The differences in the outcomes between baseline and three months were analysed within and between the two groups. Within-group changes were evaluated by paired t-test and data on frequency-domain indices was log-transformed due to positive skewed distributions. Two sample t-tests were used to compare the changes between groups from baseline to end of supplementation. All the analyses were done as intention-to-treat analysis. Power calculation was based on 24-h SDNN. We expected a SD of 30 ms and a minimal relevant difference of 15 ms. At a significance level of α = 0.05, power (1-β) = 80% and an expected drop out of 10% a sample size of n = 140 was estimated to be appropriate. The statistical package Stata 14 (StataCorp. 2015. College Station, TX, USA) was used for all statistical analyses and a two-tailed p-value of <0.05 was considered to be statistically significant.
Results
An overview of the patient flow is given in Figure 1 . A total of 112 patients that were treated with in-center dialysis (77.7%), home HD (14.3%), or PD (8.0%) were enrolled and randomized evenly to each group. Before follow up, two patients died and five patients had a renal transplantation. The remaining 105 (94%) patients completed all the investigations in the trial, but unfortunately changes in the primary endpoint, HRV, was only available for analysis in 85 patients. HRV analysis requires sinus rhythm and most of the excluded patients (48%) were excluded due to atrial fibrillation on the recording and thus the excluded patients more often had a medical history of permanent or paroxysmal atrial fibrillation (63.0% vs. 16.5%, p < 0.001) and were older (69.0 ± 12.1 vs. 60.2 ± 14.3 years, p = 0.003) than the included patients.
Baseline characteristics of all randomized patients (n = 112) and patients that were included in the final HRV analyses (n = 85) were similar in the two supplement groups ( Table 1 ). The only clinically relevant difference was a higher prevalence of myocardial infarction in the n-3 PUFA group.
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Baseline characteristics of all randomized patients (n = 112) and patients that were included in the final HRV analyses (n = 85) were similar in the two supplement groups ( Table 1 ). The only clinically relevant difference was a higher prevalence of myocardial infarction in the n-3 PUFA group. 
Effects on HRV
Results from the HRV analyses are listed in Table 2 . HRV indices in the two groups were similar before supplementation. The primary endpoint of 24-h SDNN and triangular index, which both reflect an estimate of overall HRV [10] , increased significantly in the n-3 PUFA group, but there were no significant differences between the supplement groups. However, the change in SDNNi, which reflects the average variability due to cycles shorter than 5 min was significantly different between groups with an increase in the n-3 PUFA group and a decrease on the control group. Similarly, rMSSD and HF both reflecting vagal modulation [10] increased in the n-3 PUFA group and decreased in the control group, the group differences did not reach did not reach statistical significance. However, n-3 PUFA supplementation resulted in a significant increase in mean RR-interval between groups, corresponding to a decrease in HR of 2.5 beats per minute (bpm). Sensitivity analyses in patients without previous myocardial infarction (Table S1 ) and in in-center patients (Table S2) showed similar results as for the total group. Analysis for patients who adhered to the treatment (missing <15% prescribed capsules) also showed comparable results, but with a more pronounced HR lowering the effect of n-3 PUFA of 3.4 bpm (p = 0.01) (Table S3) .
Effects on Plasma Lipids
Plasma total, high-density lipoprotein (HDL) or low-density lipoprotein (LDL) cholesterol levels 
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Results from the HRV analyses are listed in Table 2 . HRV indices in the two groups were similar before supplementation. The primary endpoint of 24-h SDNN and triangular index, which both reflect an estimate of overall HRV [10] , increased significantly in the n-3 PUFA group, but there were no significant differences between the supplement groups. However, the change in SDNNi, which reflects the average variability due to cycles shorter than 5 min was significantly different between groups with an increase in the n-3 PUFA group and a decrease on the control group. Similarly, rMSSD and HF both reflecting vagal modulation [10] increased in the n-3 PUFA group and decreased in the control group, the group differences did not reach did not reach statistical significance. However, n-3 PUFA supplementation resulted in a significant increase in mean RR-interval between groups, corresponding to a decrease in HR of 2.5 beats per minute (bpm). Sensitivity analyses in patients without previous myocardial infarction (Table S1 ) and in in-center patients (Table S2) showed similar results as for the total group. Analysis for patients who adhered to the treatment (missing <15% prescribed capsules) also showed comparable results, but with a more pronounced HR lowering the effect of n-3 PUFA of 3.4 bpm (p = 0.01) (Table S3) . 
Effects on Plasma Lipids
Plasma total, high-density lipoprotein (HDL) or low-density lipoprotein (LDL) cholesterol levels did not change after supplement with 2 g marine n-3 PUFA, but plasma triglycerides decreased significantly by 0.33 mmol/L, according to a 17% reduction in plasma triglycerides in the n-3 PUFA group (Table 3) . Data are mean ± standard deviation or 1 absolute number and 95% confidence interval. 2 All frequency-domain indices are log-transformed due to skewed data. PUFA, polyunsaturated fatty acids; HRV, heart rate variability; mean RR, the 24-h mean value of RR-intervals; SDNN, the 24-h standard deviation of normal intervals; SDANN, the standard deviation of the mean of RR-intervals in successive 5-min segments; SDNNi, the mean of the standard deviation of all normal RR-intervals for all 5-min segments; rMSSD, the square root of the mean of the sum of the squares of differences between adjacent intervals; LF, low frequency; HF, high frequency. 
Compliance
Compliance rates assessed by counts of returned capsules were similar with 76.5% in the n-3 PUFA group and 77.8% in the control group being compliant (p = 0.87). Consistent with the group assignments the mean plasma phospholipid content of DHA, EPA, and total n-3 PUFA increased significantly after three months of supplementation in the n-3 PUFA group, while no change was observed in the control group (Figure 2 ). Fish consumption evaluated by a questionnaire was similar at baseline and was found to be unchanged during the study period in both treatment groups (Table S4) .
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Tolerability and Adverse Events
Adverse events of any kind were observed in 70% of the patients (Table 4) , but adverse events considered to be related to the supplements were only seen in 13 patients (nine in the n-3 PUFA group and 4 in the control group (p = 0.16)) and these comprised the gastrointestinal symptoms of nausea, vomiting, belching, and diarrhea, of which none were considered serious. Six patients in both 
Adverse events of any kind were observed in 70% of the patients (Table 4) , but adverse events considered to be related to the supplements were only seen in 13 patients (nine in the n-3 PUFA group and 4 in the control group (p = 0.16)) and these comprised the gastrointestinal symptoms of nausea, vomiting, belching, and diarrhea, of which none were considered serious. Six patients in both treatment groups discontinued the treatment due to difficulties swallowing the capsules (n = 3), gastrointestinal adverse reactions (n = 4), or intercurrent diseases (n = 5), but completed the follow-up investigations and were included in the intention-to-treat analysis if HRV analyses were available (three patients in the n-3 PUFA group and five patients in the control group). One patient died in the n-3 PUFA group and two patients died in the control group, and all three deaths were considered to be unrelated to the supplements. Values are numbers of patients. 1 one death in the placebo group occurred 14 days after last intake of placebo.
Discussion
A daily supplement with 2 g of marine n-3 PUFA for 12 weeks did not change SDNN reflecting overall HRV, but SDNNi increased significantly and there was a trend towards an increase in rMSSD and HF between groups, suggesting an increase in vagal modulation of the heart by marine n-3 PUFA. Furthermore, the mean RR-interval increased significantly corresponding to a decrease in mean HR by 2.5 bpm after supplementation.
Marine n-3 PUFA may have cardio-protective and antiarrhythmic effects in populations without kidney disease where a number of large randomized controlled trials (RCT) have reported that n-3 PUFA reduces major cardiovascular events, although data are not entirely consistent [15, 16] . However, the literature on marine n-3 PUFA and mortality in patients with ESRD is sparse. Cohort and case-control studies have shown that n-3 PUFA are associated with a lower mortality or odds of SCD in chronic dialysis patients [21, [23] [24] [25] [26] . In an RCT, Svensson et al. [27] reported no effect of supplementation with 1.7 g marine n-3 PUFA for two years on a composite primary endpoint of total cardiovascular events and death in 206 HD patients with known CVD. However, a significant reduction in the risk of myocardial infarction as a secondary endpoint was observed.
Two small RCTs have examined the effects of n-3 PUFA supplements on HRV in patients on chronic dialysis [28, 29] . In a study by Christensen et al. [28] , 29 dialysis patients were allocated to 5.2 g n-3 PUFA or control for 12 weeks. No effect on 24-h time-domain HRV was detected between supplement groups, but after supplementation, a strong correlation between granulocyte levels of n-3 PUFA and 24-h SDNN was observed. Svensson et al. [29] randomized 43 HD patients to 1.7 g marine n-3 PUFA or control for three months with no effect observed of n-3 PUFA on 24-h time-domain HRV. A recently published cross sectional study from our center also failed to show associations between plasma phospholipid content of marine n-3 PUFA and time-and frequency domain HRV in 135 dialysis patients [30] . The present study is the largest study investigating the effects of marine n-3 PUFA supplements on autonomic function in patients on chronic dialysis. As ESRD patients, in general, our patients had an attenuated 24-h HRV at baseline [5, 28, 31] . SDNN did not change after supplementation with marine n-3 PUFA, but a significant effect on SDNNi and a borderline significant increase in rMSSD and HF was observed, indicating an improvement in vagal modulation. The changes in rMSSD and HF were partly due to a non-significant decrease in the control group, which might be due to worsening of vagal modulation as the dialysis vintage increases in the control group. The sample size was small and the findings could be by chance (type I error). Furthermore, several factors may have resulted in less effect of marine n-3 PUFA supplements in this study. A high number of the patients suffer from multiple comorbidities including diabetes and CVD that attenuate HRV. The use of medication that affect HRV [18, 32] was also high. For instance, about two-thirds of the patients received a beta blocker and about half of the patients an angiotensin converting enzyme Nutrients 2018, 10, 1313 9 of 13 inhibitor or an angiotensin receptor blocker. The pronounced autonomic dysfunction at baseline may also have reduced the effect of marine n-3 PUFA on the outcomes [33] .
The effects of marine n-3 PUFA supplementation on HRV in other populations have also shown inconsistent results. In high-risk patients with coronary heart disease or heart failure, some trials have shown a beneficial effect [34] [35] [36] [37] [38] [39] , whereas others showed no effect [40, 41] on HRV. In a meta-analysis of 15 RCTs on various populations [42] , time-domain HRV was not significantly influenced by marine n-3 PUFA supplementation, but frequency-domain HRV changed significantly with an increase in HF, supporting an effect of marine n-3 PUFA on vagal modulation also suggested by our data.
Mean RR-interval is the inverse of HR and not strictly a parameter of variability, but it is part of the basic description of HRV and a simple and a commonly used index of cardiac autonomic control [10] . One of the most consistent findings of marine n-3 PUFA is a HR lowering effect, which has been suggested to be part of the protective effect of n-3 PUFA against SCD [43] , since an increased resting HR is associated with an increased mortality or risk of SCD in the general population [44] [45] [46] . A non-significant slowing of the HR was reported in previous studies in chronic dialysis patients [28, 29] , but we demonstrated a significant and substantial negative chronotropic effect (increase in mean RR-interval) at a similar level as in non-renal disease populations, which at a population level might have a clinically significant impact [43] . The negative chronotropic effect could be explained by an increase in vagal activity [43] or a direct effect on the intrinsic pacemaker rate of the sinus node [47] . Other benefits on cardiovascular physiology, including improved ventricular and endothelial function and lowering of blood pressure, may also result in a reduced HR [43] .
Changes in the lipid profile may also be part of the cardio-protective mechanism of n-3 PUFA [16] . In the present study, a significant reduction in plasma triglycerides and no effect on plasma levels of total cholesterol, LDL-cholesterol, or HDL-cholesterol were observed. These results are in line with previous trials in patients with ESRD, who are known to have an atherogenic lipid profile [48] . Blood samples were non-fasting, but non-fasting samples are considered to be valid and recommended for evaluating lipid profiles [49] .
The study had several strengths. The RCT design was of major importance. We used a three months intervention period, which should be sufficient to reach a steady state of marine n-3 PUFA in cardiac tissue [50] , but whether this was obtained in neural tissues is uncertain. We were also able to document compliance by marked increases in mean DHA and EPA content in the plasma phospholipids in the n-3 PUFA group. Furthermore, instead of short-term HRV, we used 24-h HRV, which has a high reproducibility and seems free of placebo effect and has been suggested as a good method of assessing intervention therapies [10] . We also measured the outcomes on two separate days and calculated the mean values reducing the risk of chance findings (type 1 error). Olive oil was used as control, since it is known to have no antiarrhythmic properties [51] , and to our knowledge, do not affect HRV. However, the study was also subject to limitations. Firstly, our enrolment goal was not reached resulting in a reduced power to detect differences in the primary endpoint (type 2 error). Secondly, the eligibility criteria were wide, resulting in a heterogeneous study population complicating the interpretation of comparisons between supplement groups with risk of residual confounding. However, the heterogeneity reflects daily clinical practice. Thirdly, despite randomization, more patients had a previous myocardial infarction in the n-3 PUFA group, but sensitivity analysis, excluding patients with myocardial infarction, showed similar results as the total group, thus showing evidence against the potential bias. Finally, despite 94% of the patients completing the study, only 85 (76%) of the randomized patients were included in the final analysis. However, the exclusions seem even and for similar reasons in the two groups minimizing the risk of bias.
Conclusions
In conclusion, supplementation with 2 g marine n-3 PUFA for three months did not change SDNN, but other HRV-indices increased, indicating an improvement in vagal modulation of the heart. Importantly, marine n-3 PUFA also had a significant and substantial HR lowering effect. We need future larger RCTs confirming our findings and investigating whether they translate into a protective effect against malignant ventricular arrhythmias and SCD in this high-risk population.
